Paracoccidioides is the agent of paracoccidioidomycosis. Malate synthase plays a crucial role in the pathogenicity and virulence of various fungi, such as those that are human pathogens. Thus, an inhibitor of this enzyme may be used as a powerful antifungal without side effects in patients once these enzymes are absent in humans. Here, we searched for compounds with inhibitory capacity against the malate synthase of Paracoccidioides species (PbMLS). The three-dimensional (3D) structure of PbMLS was determined using the I-TASSER server. Compounds were selected from the ZINC database. Based on the mechanism underlying the interaction of the compounds with PbMLS, it was possible to identify ␤-carboline moiety as a standard key structure. The compounds with ␤-carboline moiety that are available in our laboratories were investigated. A total of nine alkaloid compounds were selected. The primary mechanisms of interaction of the alkaloid compounds in the binding pocket of PbMLS were identified and compared with the mechanism of interaction of acetyl coenzyme A (acetyl-CoA). We discovered that the amphipathic nature of the compounds, concomitant with the presence of ␤-carboline moiety, was crucial for their stability in the binding pocket of PbMLS. In addition, the importance of a critical balance of the polar and nonpolar contacts of the compounds in this region was observed. Four ␤-carboline alkaloid compounds showed the ability to inhibit recombinant PbMLS (PbMLSr) activity, Paracoccidioides species growth, and adhesion of the fungus and PbMLSr to the extracellular matrix components. The cytotoxicity of the alkaloids was also evaluated.
S
everal plants, human-pathogenic fungi, and bacteria utilize the glyoxylate cycle during host infection (1) . The unique enzymes of this cycle are isocitrate lyase and malate synthase. This pathway has not been observed in mammals; therefore, this cycle has been identified as a potential target for the discovery of new drugs. Novel active molecules should shorten the duration of chemotherapy, prevent the development of resistance, and eliminate latent disease.
In the human-pathogenic fungi from the genus Paracoccidioides, the malate synthase (PbMLS) participates in the glyoxylate pathway, which enables the fungus to assimilate two-carbon compounds, and in the allantoin degradation pathway associated with purine metabolism, which allows the fungus to use nitrogen compounds (2) . PbMLS is localized in peroxisomes and on the cell surface and is secreted. In addition, PbMLS plays a role as an adhesin, mediating the adhesion and internalization of the fungus to host cells (3) . PbMLS is regulated during the transition from mycelium to yeast (4) and in oxidative stress (5) . However, an inhibitor to PbMLS has not yet been investigated.
In recent years, virtual screening has become an accepted tool in drug discovery that has successfully been applied in a number of therapeutic programs, particularly at the lead discovery stage, during which high-throughput molecular docking can play an important role (6, 7) . Receptor-ligand interaction-based virtual screening can dock each molecule of a library into the receptor binding site of a known or predicted three-dimensional (3D) structure to predict the highest affinity between a protein and its ligands (8) .
The molecules of the library are ranked according to their predicted binding affinity with the receptor. In addition to the time and cost savings associated with the discovery of ligands for a protein target, an additional benefit is the increased specificity of the predicted ligands, because receptor-ligand interaction-based virtual screening is directed against a known binding site or even against a particular receptor conformation (9) .
The analysis of the chemical structure of the compounds from virtual screening revealed that the top compounds selected by the affinity and efficiency parameters had structural similarity to the ␤-carboline alkaloids, mainly due to its indole moiety. In addition, the literature survey showed that this class of alkaloids has a g ϭ c inter 1 ϩ wN rot (1) where N rot is the number of active rotatable bonds between the heavy atoms in the ligand (torsions), and w is the associated weight. Because of the exhaustive sampling performed for each ligand, we nullified the effects of torsion considered in equation 1 and defined the term c inter as the AutoDock Vina energy and the g values as the AutoDock Vina scores. The function c inter is able to incorporate the main contributions to the binding free energy, which depends on the distance between the atoms. The interactions of type H-bonds, or interactions (PI), and sigma interactions were not treated separately but were effectively merged into a dependent function of the distance between the atoms. Ligand efficiency. Abad-Zapatero (25) proposed a simple function able to select compounds not only by affinity but also by efficiency criteria. Such function depends on the binding energy ⌬G between the ligand and receptor and the total number (n) of atoms, which classifies the efficiency of ligands (EL) according to their size. Compounds with fewer atoms and higher affinity are considered more efficient. To this end, we replaced ⌬G in equation 2 by the AutoDock Vina score to proceed with the selection of ligands with a lower binding energy, because the score is limited to a maximum preset. This ensures the selection of small ligands and stability in the binding pocket:
Virtual screening. Using AutoDock Vina, a total of 89,415 compounds in the ZINC database were screened using its function score. Two types of classification criteria were established: (i) affinity, involving the selection of 10 compounds depending on the energy profile, and (ii) efficiency, involving the selection of the 10 compounds with the lowest EL (efficiency ligands; see equation 2) values and limited to a maximum score of Ϫ8.0 kcal/mol. In this stage, the selection of the 10 compounds also depended on the energy profile.
Based on the affinity criterion, we initially selected only the 100 ligands that exhibited the lowest scores, as determined by AutoDock Vina. For each ligand, 1,000 independent simulations were performed to construct histograms of the lowest energies achieved in each simulation, which helped the selection of ligands with stability but also those with more clearly defined states. The ligands with a number of occurrences of Ͼ50% in a given energy/conformation were considered successful. However, if this condition was not satisfied, the ligands were not ranked by their scores. For simulations involving alkaloids, a score histogram was also built for each compound.
A flowchart for the screening of compounds by affinity and efficiency is depicted in Fig. S1 in the supplemental material, which consists of three stages: (i) receptor prediction, (ii) compound selection, and (iii) features of the inhibitor alkaloids against PbMLS. The solvent-accessible surface area (ASA) of each compound was calculated using the get_area function in PyMOL (PyMOL molecular graphics system; Schrödinger).
Experimental chemistry. Monoterpene ␤-carboline alkaloids 1 through 3 were isolated from Psychotria prunifolia (26) . Alkaloids 4 and 5 were isolated from Galianthe ramosa (27) , alkaloids 6 and 7 were isolated from Rauvolfia bahiensis (28) , and alkaloids 8 and 9 were isolated from Rauvolfia weddelianna (our unpublished data). The names of the alkaloids are as follows: 1, indolo[2,3-a]quinolizine-2-ethanol, 1,2,3,4,6,7,12,12b-octahydro-9-hydroxy-␤-vinyl; 2, indolo[2,3-a]quinolizine-2-ethanol, ␤-ethenyl-1,2,3,4,6,7,12,12b-octahydro-9-hydroxy-, 5-oxide; 3, strictosamide; 4, cyclopentanol, 3-ethenyl-1,-methyl-2-(5-methoxy-9H-pyrido [4,3-b] indol-4-yl); 5, cyclopentanol, 3-ethenyl-1,-methyl-2-(5, 7-dimethoxy-9H-pyrido [4,3-b] indol-4-yl); 6, 18-norajmalan-17,19-diol, 1,2-didehydro-1-demethyl-21-methyl-, 17-acetate; 7, Sarpagan-17-ol, 10-methoxy-; 8, reserpine; yohimban-16-carboxylic acid, 11,17-dimethoxy-18-[(3,4,5-trimethoxybenzoyl)oxy]-, methyl ester; and 9, yohimban-16-carboxylic acid, 17-hydroxy-, methyl ester.
Recombinant PbMLS. Recombinant PbMLS (PbMLSr) was obtained as described by Neto et al. (3) . Briefly, the cDNA encoding PbMLS was inserted in the pET-32a(ϩ) expression vector (Novagen, Madison, WI, USA). The resulting plasmid was transferred to E. coli strain BL21 C41(DE3). His-tagged PbMLSr was purified using the nickel-nitrilotriacetic acid (Ni-NTA) spin kit (Qiagen, Germantown, MD, USA), and the tags were subsequently removed by adding EKMax enterokinase (Invitrogen, Carlsbad, CA, USA).
PbMLSr activity assay in a microplate and screening for inhibitors. The activity assays were performed as described previously by Roucourt et al. (29) and Zambuzzi-Carvalho et al. (2) , with some modifications. Briefly, these assays were performed with an endpoint assay to measure the amount of acetyl coenzyme A (acetyl-CoA). The amount of free thiol groups of acetyl-CoA was determined using 5,5=-dithiobis-(2-nitrobenzoic acid) (DTNB) (Sigma, St. Louis, MO, USA) (30) . The absorption at 415 nm was measured using a microplate reader model 680 (Bio-Rad Laboratories, Hercules, CA, USA). DTNB was added to a final concentration of 2 mM. The addition of DTNB to the mixture arrested the overall reaction due to the reaction of DTNB with the free thiol groups of cysteine (31) . The standard reaction mixture contained 2 g of PbMLSr, 100 mM Tris-HCl, 5 mM MgCl 2 , 2 mM glyoxylate (Sigma), and 1 mM acetyl-CoA (Sigma).
Pyruvic acid and the alkaloids were added at a concentration of 17 g/ml as a positive control and to assess the inhibitory potential, respectively. The reaction mixtures were incubated for 30 min at pH 7.5. The specific activities were given in units per microliter of protein. Concen-trations of the alkaloid compounds ranging from 6 to 36 g/ml were tested (data not shown) to find the concentration that inhibited PbMLS activity. All of the experiments were conducted in triplicate.
MICs. The method in CLSI M27-A3 (33) is not available for use with dimorphic fungi, such as those of the Paracoccidioides genus. So, in this study, to determine the MIC and to evaluate the growth of Pb18 yeast cells, we chose to use the standard method described by de Paula e Silva et al. (34) , which is a colorimetric method based on document M27-A3 (33) but with adaptations and the addition of alamarBlue (BioSource, Carlsbad, CA, USA).
Inocula were prepared in RPMI 1640 (Invitrogen, Carlsbad, CA, USA) with L-glutamine, without sodium bicarbonate, supplemented with 2% glucose, and buffered to pH 7.0 using 0.165 M morpholinepropanesulfonic acid (MOPS) (Sigma, St. Louis, MO, USA). The Pb18 yeast cell suspension was adjusted to a final concentration in the range of 0.5 ϫ 10 3 to 2.5 ϫ 10 3 cells/ml in RPMI 1640. In the 96-well plates, the compounds were added in serial dilutions at concentrations ranging from 6 g/ml to 300 g/ml. The plates were incubated at 36°C and 150 rpm for 48 h. After this period, alamarBlue (BioSource) was employed, according to the manufacturer's instructions, and the plates were incubated for an additional 24 h for a total of 72 h prior to the final MIC reading. The lowest antifungal agent concentration that substantially inhibited the growth of the organism was visually determined at the point at which there was no change in the original blue color of the reagent.
Ligand affinity assays. Far-Western blot assays were carried out as previously described (3) . PbMLSr was subjected to SDS-PAGE and blotted onto a nylon membrane. After blocking for 4 h with 1.5% bovine serum albumin (BSA) in 10 mM phosphate-buffered saline (PBS)-skim milk and washing three times (for 10 min each time) in 10 mM Triton X-100 in PBS (PBS-T), the membranes were incubated with 20 g/ml fibronectin or 30 g/ml type I and IV collagen diluted in PBS-T with 2% BSA for 90 min and then washed three times (for 10 min each time) in PBS-T. Each compound was added at a concentration of 60 g/ml. The membranes were incubated for 18 h with rabbit anti-fibronectin, antitype I collagen, or anti-type IV collagen antibodies in PBS-T with 2% BSA (diluted 1:100). The blots were washed with PBS-T and incubated with peroxidase-labeled goat anti-rabbit immunoglobulin (diluted 1:1,000). The blots were washed with PBS-T, and the reactive signals were developed with hydrogen peroxide and diaminobenzidine (Sigma, St. Louis, MO, USA) as the chromogenic reagent. The positive control was obtained by incubating PbMLSr with the polyclonal anti-PbMLSr antibody (diluted 1:500), and the reaction was developed as described above.
ELISA. Enzyme-linked immunosorbent assay (ELISA) was carried out as described by Neto et al. (3) . Briefly, polypropylene 96-well microtiter ELISA plates were sensitized with 10 g/ml extracellular matrix (ECM) proteins overnight at 4°C and then blocked with 2% BSA, 10% fetal bovine serum (FBS), and 1% skim milk. To analyze the percentage of the inhibition of the adhesion of Pb18 yeast cells to the ECM by the tested compounds, each compound was added separately at a concentration of 60 g/ml, and the mixture was incubated for 60 min. A total of 10 6 cells/ml of Pb18 yeast cells were added and incubated for 16 h at 37°C. To analyze the percentage of the inhibition of the adhesion of PbMLSr to the ECM (ratio 1:1; 5 g each), PbMLSr and each compound at a concentration of 60 g/ml was separately added to the plate. The percent inhibition of PbMLSr and Pb18 yeast cell adhesion to the ECM by the tested compounds was calculated.
The reaction was developed using buffer citrate at pH 4.9 conjugated with o-phenylenediamine as the chromogenic substrate. Negative controls were performed using PbMLSr or ECM only. The positive controls were performed using anti-PbMLSr, anti-fibronectin, anti-type I collagen, or anti-type IV collagen antibody. The absorbance at 490 nm was measured, and the results were analyzed using the MicroCal Origin software version 5.0 (35) .
Adhesion assays and fluorescence microscopy by IN Cell. The A549 and MRC5 cell lines were used for adhesion assays to evaluate the pattern of adherence of PbMLSr and Pb18 yeast cells, as described by MendesGiannini et al. (36) . A549 is a human lung adenocarcinoma cell line obtained from the American Type Culture Collection (Rockville, MD). These cells were cultured in Ham's F-12 medium supplemented with 10% heat-inactivated fetal calf serum. The MRC5 cell line was developed from lung tissue, and the cell morphology is fibroblast-like. These cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco) supplemented with 10% heat-inactivated fetal calf serum. The cells were grown in 75-mm 3 bottles (Corning) and maintained at 36.5°C. After 3 to 4 days, the cell line monolayer formed was trypsinized, and 96-well cell plates were prepared with 5 ϫ 10 4 cells/ml. Briefly, the cell monolayer was washed with 1 ml of 0.2% trypsin solution and 0.02% Versene (ATV), and then 1 ml of ATV was added. In the following 1 to 2 min, the cells were mixed with various amounts of their corresponding medium plus 10% FBS. At this stage, the trypsin was neutralized by the 10% FBS present in the culture medium. The total volume of the cell suspension obtained was transferred to new bottles to obtain cell concentrations of 10 6 cells/ml. The cells were subcultured 2 days in advance. This procedure included trypsinization with 2 ml of ATV and the addition of 20 ml of culture medium. Five hundred microliters of this mixture was placed on coverslips in each well of a 24-well plate (5 ϫ 10 4 cells/well). A concentration of 60 g/ml each compound was added per well. After adjusting the Pb18 yeast cell inoculum (1 ϫ 10 6 to 5 ϫ 10 6 cells/ml), the infection was performed for 15 h. For the PbMLSr assays, a concentration of 5 g/ml each compound was used. The controls containing Pb18 yeast cell inoculum (1 ϫ 10 6 to 5 ϫ 10 6 cells/ml) or PbMLS without addition of the compounds were developed. Initially, the old medium was removed from the wells containing the cell line monolayer, and 100 l of fresh medium was added to each corresponding plate well and then incubated at 37°C for 2 h. The infected plates were washed three times with PBS, fixed with 500 l of 4% p-formaldehyde, and incubated overnight at 4°C.
To perform the indirect immunofluorescence assay, the fixed cells were permeabilized with 0.25% Triton X-100 in PBS (PBS-T) and incubated at room temperature for 30 min. After washing with PBS-T, cells were incubated with blocking solution (2.5% BSA, 1% skim milk, 8% fetal bovine serum) for 30 min at room temperature. After that, the blocking solution was discarded, and polyclonal anti-Paracoccidioides antibody (1: 100) in blocking solution was added and incubated at 37°C for 1 h. After washing with PBS-T, the monolayer of cells was incubated with secondary antibody anti-rabbit IgG conjugated with Alexa 594-conjugated antibody (1:400) at 37°C for 1 h. Following, the ECM was labeled with anti-fibronectin or anti-collagen I or IV antibody (1:100) at 37°C for 1 h. After washing with PBS-T, the monolayer was incubated with anti-rabbit IgG conjugated with Alexa 594-conjugated antibody (1:400) at 37°C for 1 h. Finally, the monolayer was again washed with PBS-T, and 100 l of 0.5 g/ml 4=,6-diamidino-2-phenylindole (DAPI) was added for incubation at 37°C for 1 h. After successive washings with PBS-T, the reaction was fixed with 1% p-formaldehyde.
The potential fungal infection was observed using images processed by the IN Cell Analyzer 2000 system (GE Healthcare). All of the nuclei were stained with DAPI, and the actin filaments were revealed with phalloidinfluorescein isothiocyanate (FITC). Pb18 yeast cells and PbMLSr were detected with an Alexa 594-conjugated antibody. All experiments were repeated at least three times. The results were processed by means of fluorescence intensity by using the IN Cell Investigator software and statistically analyzed with Origin lab 7.5 software. The data were evaluated using one-way analysis of variance (ANOVA), followed by Tukey's test. A P value of Ͻ0.05 was considered significant.
Cell cytotoxicity assay. The cell cytotoxicity assay was performed according to Mosmann (37) . The cytotoxicity of the alkaloids for the A549 and MRC5 cell lines was assessed using the tetrazolium salt reduction
method. The cells were grown in Ham's F-12 medium supplemented with 10% heat-inactivated fetal calf serum to A549 cells and DMEM (Gibco) supplemented with 10% heat-inactivated fetal calf serum to MRC-5 cells and maintained at 36.5°C. Concentrations ranging from 2.5 to 5.0 ϫ 10 4 cells/ml were used for the formation of monolayer cells. The compounds, at concentrations ranging from 12 g/ml to 600 g/ml, were maintained in contact with the cells for 24 h. The cells were then treated with 5 mg/ml MTT reagent (Sigma, St. Louis, MO, USA) and incubated for 4 h. After the formation of formazan crystals, 100 l of isopropanol was added to solubilize the precipitate, and the result was determined by the change in the color of the medium. The absorbance of formazan was quantified through an enzyme-linked immunosorbent assay using an ELISA reader set at 560 nm. Hydrogen peroxide was used as a positive control. The selectivity index (SI) values were calculated using the ratio of the 50% inhibitory concentration (IC 50 ) of the mammalian cells to the IC 50 of the fungus.
RESULTS
PbMLS structure. The 3D homology model was built using the I-TASSER server based on the 3D structures of E. coli and B. anthracis malate synthase A, which had 49% identity to PbMLS. The Ramachandran plot of the homology model had 92% of residues with ⌽ and distribution in the favored region and 5% in the allowed regions. The quality factor of this structure was estimated to be 39.548 by Errat. This structure was then subjected to 200-ns MD simulations using the Gromacs program to achieve a stable structure according to the root mean square deviation (RMSD) for the nonhydrogen atoms. Figure 1 shows that the conformation of PbMLS remained stable at an RMSD value of approximately 6.5 Å after approximately 100 ns of simulation. A cluster analysis of the conformations with a cutoff of 3 Å allowed the identification of seven conformations capable of representing the flexibility of PbMLS for the full trajectory. The transient stability of PbMLS suggested the presence of multiple ensembles in this structure. However, even under transient stability, after approximately 80 ns, only one of them effectively represented the trajectory (see Fig.  S2 in the supplemental material). This conformation (cluster 1) was then used to perform molecular docking analysis.
Molecular docking with acetyl-CoA. Molecular docking simulations between PbMLS and acetyl-CoA were performed to verify which amino acids are considered more important for the stability of acetyl-CoA. The results of this analysis were crucial for the identification of ligands capable of forming contacts corresponding to those expected with acetyl-CoA and decipher the mechanism of interaction with PbMLS. Figure 2 shows the key residues that provided stability to acetyl-CoA. The conformation shown in this figure corresponds to that of a lower energy and a higher incidence from the total of 1,000 independent simulations. The energy in this state was Ϫ18.0 kcal/mol, and this value was found in 21% of the simulations (see Fig. 3 ). All of the conformational modes that achieved success rates of Ͼ10% had energies between Ϫ17.8 and Ϫ18.3 kcal/mol. Acetyl-CoA had a total of 20 torsions to fit the PbMLS binding pocket. The majority of the torsions were distributed along the main axis of the acetyl-CoA, and two of them were present between the rings and binding of a phosphate group.
It was possible to identify two distinct regions of acetyl-CoA interacting with PbMLS: (i) a purine ring and (ii) an open-chain moiety. The region of the rings was completely buried in the cavity, forming polar and nonpolar contacts. In contrast, in the openchain region, there was a greater number of polar contacts, but this region forms nonpolar contacts with Ile443, Tyr430, and Ile441. Side-chain H-bonds were observed between phosphate groups of acetyl-CoA and Lys217, Lys287, and Lys288. The variation of its ASA was 540 Å 2 . Virtual screening. (i) Classification by affinity criteria. Virtual screening using the ZINC database was performed to search for compounds binding to PbMLS. In all simulations, the conformation of the compounds was limited to a region surrounding the main binding pockets of the protein. This region was defined according to the classification of DoGSiteScorer, considering only the larger volume cavity. All of these regions were then covered by the defined grid to limit the region of the conformational search. A total of 21 pockets were found, all of which had volumes covered by the considered grid. The binding pocket with the highest volume found by DoGSiteScorer was 4,492 Å 3 , whereas the other volumes were Ͻ715 Å 3 . The main binding pocket of PbMLS had approximately 160 hydrophobic contacts, which represents approximately 31% of the relative number of hydrophobic site interaction centers (SIACs). In this pocket, we found 48% hydrophobic, 28% polar, 12% positive, and 12% negative contacts. Figure S3 in the supplemental material shows the top 10 compounds selected based on the affinity criterion. The lowest energy values were Ϫ16.4 kcal/mol and Ϫ15.7 kcal/mol for compounds 8918338 (rank 2) and 12876659 (rank 1), which exhibited success rates of 91% and 98%, respectively (Fig. 3) . The tenth-ranked compound was 8876676 (rank 10), which exhibited an energy value and success rate of Ϫ12.9 kcal/mol and 99%, respectively. In general, the success rate found for all of the compounds selected by the affinity criterion was Ͼ90%.
When the ligands were in the binding pocket of PbMLS, the highest variation of ASA was found for compound 8876937 (412 Å 2 ) (rank 3). This same ligand was between two lower (by atom number)-ranked compounds based on the affinity criterion with only two torsions. Interestingly, ligand 8918302 (rank 6) had a success rate of 99% at finding the same energy, even if no torsion was available for its accommodation in the binding pocket. Figure 4 shows how these ligands were accommodated in the binding pocket and which PbMLS residues interacted more strongly with each ligand. Note that all of the ligands bound in the same pocket. Another important feature is the nature of the ligand contacts. The ligands had two well-defined regions, one with a high concentration of polar interactions (or H-bond contact), and another with a high concentration of nonpolar (van der Waals contact) interactions. This is a characteristic of amphipathic molecules that appears to be crucial for achieving stability in the pocket of PbMLS. Nonpolar contacts with a higher occurrence were found for the Asp121, Trp279, and Thr96 residues. Similarly, the polar contacts had higher incidence in Arg168, His371, and Glu448. Note that the contacts did not necessarily indicate the nature of the residue but rather the type of contact that each residue formed with the ligands. In general, contacts involving Glu448, Ser122, His371, Asp449, Met447, and Thr96 were common in the interaction with PbMLS, similarly to the interaction with acetyl-CoA. However, only the two best compounds selected based on the affinity criterion established contacts with the nonpolar residues Ile441 and Ile443 ( Fig. 3 and 4) .
(ii) Classification by efficiency criteria. Based on the efficiency criterion, the top 10 compounds were selected ( Fig. 3 ; see also Fig. S4 in the supplemental material) . The efficiency criterion selected ligands with low numbers of atoms and low affinity. These ligands were smaller in size than the other ranked ligands, with approximately half of the number of atoms. In general, it was verified that such compounds had contacts with several key residues of PbMLS that interacted with acetyl-CoA. However, because they were smaller, most of the residues were located inside the cavity and preferably stabilized by nonpolar contacts (Fig. 3 and 5) .
This feature found in the compounds screened resulted in chemical groups with high spatial complementarity in the binding pocket of PbMLS; thus, the hydrogen bonds were not favored and observed in such compounds. As shown in Fig. 5 , the top two compounds were accommodated in the binding pocket. Note that the Trp279, Glu448, and Asp121 residues could form contacts with almost all of the compounds ranked based on the efficiency criteria (Fig. 3) . Most of the compounds were in a favorable position to interact with Arg168 through PI.
Of the 10 compounds ranked by efficiency, seven had more than eight contacts similar to those found with acetyl-CoA, regardless of the nature of the contact (polar or nonpolar). Compound 12503788 (rank 6) showed greater correspondence with nine nonpolar contacts and two polar contacts. Conversely, compound 4293427 (rank 3) resulted in eight polar contacts similar to those found for acetyl-CoA and only one nonpolar contact (Fig. 3) . represented in pink. CV, coefficient of variation between the number of nonpolar and polar residues in contact with acetyl-CoA; PI, or interaction; HB, hydrogen bond with side chain; HS, hydrogen bond with backbone. Further information on the listed variables is indicated with superscript numbers, as follows: 1, number of atoms (except hydrogen atoms); 2, AutoDock Vina (ADVina) score obtained for mode-1 (lowest energy) used in the definition of the compound's rank; 3, AutoDock Vina energy is the term c inter in equation 1 obtained for mode-1; 4, success rate in obtaining the same score in a total of 1,000 independent simulations; 5, dASA is the variation of the accessible surface area (ASA) to take the ligand in the binding pocket of PbMLS; parentheses indicate the ASA to the solvent in the cavity of PbMLS. The arrowhead directs toward the electron donor. The structures of the compounds correspond to the lowest scores and the highest hits for a total of 1,000 independent simulations performed using AutoDock Vina.
Molecular docking with alkaloids.
Based on the top compounds ranked by affinity and efficiency parameters from virtual screening, we identified a topological pattern to understand the alkaloid indole moiety (highlighted in Fig. 5 ). Since these structural features and its angles were also present on a series of ␤-carboline alkaloids isolated by our research group from Rubiaceae and Apocynaceae species, they were introduced in this study (Fig. 6) .
Molecular docking simulations were performed using AutoDock Vina for all alkaloids shown in Fig. 3 , but only alkaloids 8 and 3 had known modes of interaction (Fig. 5) . The affinities of these two alkaloids in the binding pocket are also shown in Fig. S5 and S6 in the supplemental material. The comparison of all of the alkaloids and acetyl-CoA is shown in Fig. 3 . Alkaloids 8 and 3 had numbers of atoms similar to those found for acetyl-CoA. Note that alkaloids 8 and 3 had the lowest energies of interaction found for all of the alkaloids and, interestingly, had the same energy magnitude as the top-ranked compounds obtained by virtual screening. The top five highest-ranked compounds based on the affinity criterion had energies between Ϫ15.7 kcal/mol and Ϫ13.2 kcal/mol, whereas the energies of alkaloids 8 and 3 were Ϫ14.1 kcal/mol and Ϫ13.1 kcal/mol, respectively. The total number of atoms among these compounds was also very similar, i.e., approximately 40 atoms. With the exception of alkaloids 8 and 3, all of the other compounds had very similar energies. The success rates at achieving these energies were Ͼ70% for all of the alkaloids.
Even when the torsion effects were included in the AutoDock Vina scores, these two alkaloids had the lowest scores. The high number of torsions for alkaloid 8 (10 torsions) maintained its score (Ϫ8.9 kcal/mol) at a greater level than that of alkaloid 3 (Ϫ10.6 kcal/mol) but lower than that of all of the other alkaloids. All of them were located in the same region of the binding pocket of PbMLS, making contacts with the Asp280 and Arg278 residues (Fig. 3) .
The chemical groups of the amino acids involved in the interactions discussed above can be observed in Fig. S5 and S6 in the supplemental material.
The contacts involved in the interaction between acetyl-CoA and PbMLS were also verified for each alkaloid. Note that alkaloid 8 had the highest incidence of contacts among all of the alkaloids and compounds ranked. None of the compounds ranked by the efficiency and affinity criteria resulted in an incidence of contacts close to those observed for acetyl-CoA. Alkaloids 3 and 2 had 13 
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Large amounts of H-bonds and PI were found for alkaloids 3 and 8. Alkaloid 8 had PI with Arg168, Arg278, and Lys288, and these were also found in the interaction with acetyl-CoA. Alkaloid 3 had three H-bond contacts with Ser122, Met447, and Thr96 and a PI with Lys217. All of these interactions were crucial for the stability of alkaloid 3, because the polar contacts were prevalent in approximately 92% of the contacts. Perhaps, for this reason, alkaloid 3 had a ␤-carboline unit slightly outside the cavity compared with the other compounds. Alkaloid 6 had 11 contacts in common with acetyl-CoA, and two of these involved H-bonds with Arg278 and Asp121.
Finally, the change in the ASA of the alkaloids was determined to evaluate their possible contributions to the free energy of solvation (not estimated here). As shown in Fig. 3 , alkaloids 3 and 8 showed variations in the ASA of Ͼ50% than most of the other alkaloids. The ASA variation found for these two compounds was Ͼ400 Å 2 . In the case of alkaloid 8, the variation in the ASA was Ͼ2-fold greater than that found for alkaloid 2. Changes in the ASA values of Ͼ400 Å 2 were found only for compound 8876937 (rank 3) and acetyl-CoA. This variation was relevant for the stability of the compounds, particularly when there are more nonpolar contacts than polar contacts.
Inhibitory effect of alkaloid compounds on PbMLSr activity. The inhibition of PbMLSr by alkaloid compounds was investigated. Concentrations of the alkaloid compounds ranging from 6 to 36 g/ml were tested (data not shown) to find the concentration that inhibited PbMLS activity. Of the nine compounds tested, four inhibited PbMLSr. Compounds 3, 4, 6, and 8 inhibited PbMLSr more effectively than the known inhibitor pyruvic acid. The inhibition with compound 8 was higher than that with compounds 3, 4, and 6 (Table 1) .
Inhibitory effect of alkaloid compounds on
Paracoccidioides species growth. This study verified that the alkaloid compounds that inhibited PbMLSr can interfere with the growth of Pb18 yeast cells. The microplate microdilution assay using alamarBlue was performed to measure the viability of Pb18 yeast cells (34) . Itraconazole and amphotericin B were used as positive controls. The results showed that alkaloids 4 and 8, which had lower MICs and IC 50 s, were more effective at inhibiting fungal growth ( Table 1) .
Inhibition of the adhesion of PbMLSr to ECM. Because PbMLS is an anchorless adhesin and binds to fibronectin and type I and IV collagen, we investigated whether alkaloids 4, 8, 6 , and 3 could prevent the adhesion of PbMLSr to these ECM components through a far-Western blot assay. Alkaloids 4, 8, 6 , and 3 inhibited the adhesion of PbMLSr to fibronectin and type I and IV collagen (Fig. 7A, B, and C, respectively) . A positive reaction was visualized to ECM bound to PbMLSr immobilized in the membrane (Fig. 7A  to C, line 5) . The results showed that the alkaloid compounds inhibited PbMLSr adhesion to these ECM components.
To validate the data described above, we investigated whether this process could also occur through an ELISA (Table 2) . Thus, the ECM components were immobilized in the plate, and the alkaloid compounds and PbMLSr were then added. Negative controls were performed using PbMLSr or ECM only. Positive controls were performed using anti-PbMLSr, anti-fibronectin, antitype I collagen, or anti-type IV collagen antibody (data not shown). It was observed that alkaloids 3, 6, 4, and 8 inhibited the adhesion of PbMLSr and Pb18 to fibronectin and type I and IV collagen. The analysis of all ECM components revealed that the inhibition of the adhesion of PbMLSr by alkaloids 8 and 3 was higher than that obtained with Pb18. In contrast, the inhibition of the adhesion to Pb18 by alkaloid 4 was higher than that obtained with PbMLSr. The analysis of fibronectin and type I collagen showed that the inhibition of the adhesion to PbMLSr by alkaloid 6 was higher than that found with Pb18. The analysis of type IV collagen showed that the adhesion to Pb18 was higher than that to PbMLSr.
Considering PbMLSr, a higher inhibition was observed when fibronectin (to alkaloid 3 only) or type I collagen was used. Low inhibition by all alkaloids was observed with type IV collagen. Considering the fungus, higher inhibitions were observed in the adhesion to type I and IV collagen.
Fluorescence microscopy by IN Cell. The adhesion of PbMLSr and Pb18 to A549 and MRC5 cells in the presence of alkaloid compounds was evaluated using IN Cell Analyzer 2000 system light microscopy (Fig. 8) . The adhesion was investigated using the antibodies corresponding to ECM fibronectin, type I collagen, or type IV collagen. The markers phalloidin-FITC (green), DAPI (blue), and anti-Paracoccidioides polyclonal serum plus Alexa 594-conjugated antibody (red to yellow) were used to visualize actin filaments, nuclei, Pb18 yeast cells and PbMLSr, respectively. The fluorescence staining of PbMLSr and Pb18 adhered to cells, and the adhesion inhibition by the alkaloids to ECM was measured. A more intense red indicates a greater adhesion of PbMLSr and Pb18 to the cells. The fluorescence staining intensity is shown in Fig. 8 . The results showed that all four compounds inhibited the adhesion of PbMLSr to A549 (Fig. 8A) and MRC5 (Fig. 8B ) cells. The four compounds also inhibited the adhesion of Pb18 to A549 (Fig. 8C) and MRC5 (Fig. 8D ) cells. The inhibition of adhesion was higher to fibronectin and type IV collagen than to type I collagen, considering PbMLSr, Pb18, or type of cells (Fig. 8 ). In contrast, the ELISA results showed that the inhibition of adhesion was higher to type I collagen ( Table 2 ). The small differences between the results may be due to differences in the principles of the techniques.
Cell cytotoxicity assay. The cytotoxic effect of alkaloids 4, 8, 6, and 3 was investigated in A549 and MRC5 cells through an MTT assay. The results showed that the alkaloid compounds were generally not cytotoxic to MRC5 and A549 cells at the concentrations used to inhibit PbMLSr activity and Pb18 growth or in the adhesion experiments (Table 3 ). Only alkaloid 6 was cytotoxic to A549 cells, as determined based on the MIC to Pb18 growth ( Table 1) . The selective toxicity index to each compound was calculated. The higher index values were found to compounds 4 and 8 (Table 3) .
DISCUSSION
There were two distinct regions of acetyl-CoA that interacted differently with PbMLS. One of the regions, the purine ring, was completely buried in PbMLS. Only one torsion was found between the purine ring and the adjacent cycle, conferring specificity to this region and thus favoring binding to the internal region of the binding pocket by complementarity (see Fig. 2 ). The other region, the open-chain moiety, is projected out of the PbMLS cavity. This region interacts with nine critical amino acid residues of PbMLS by forming nonpolar contacts (see Fig. 3 ). It has several degrees of freedom, approximately 18 torsions, which provide flexibility to accommodate its poor nonpolar content through contacts that minimize the area exposed to the solvent. In this case, nonpolar contacts with Ile443 and Ile441 were favored at the entrance of the cavity. This region of acetyl-CoA was not critical for providing specificity to PbMLS, because its polar content may be available to the solvent. However, based on these findings, the pocket of PbMLS was concentrated in the innermost region of the molecule and had a large volume, indicating that these polar interactions were important for ensuring that acetyl-CoA has initial stability in the main entrance of the cavity of PbMLS. In addition, the surface complementarity generated by the rings provided sufficient stability to ensure that acetyl-CoA was not carried to the solvent but rather was partially fixed in the cavity. Therefore, the interaction of acetyl-CoA in this region may be important for inhibiting the interaction of PbMLS to other molecules by surface complementarity. As shown in Fig. 1 , the coefficient of variation (CV) for each compound was presented to measure the balance between the polar and nonpolar contacts compared with those found for acetyl-CoA. The CV for acetyl-CoA was only Ϫ0.2, suggesting that there was a balance between the contributions and therefore indicating that the amphipathic nature of acetyl-CoA may be critical for ensuring stability in the PbMLS binding pocket.
The selection based on the affinity and efficiency criteria was essential for providing new compounds with greater complementarity to PbMLS. Most of these compounds presented a common structural pattern, namely, the ␤-carboline moiety, which was crucial for the binding to PbMLS. In addition, they presented a region capable of performing polar contacts. Acetyl-CoA also bound to PbMLS through the purine ring portion, which is very similar to the indole moiety in the ␤-carboline alkaloids.
Although all of the alkaloids shown in Fig. 6 are ␤-carbolinetype alkaloids, some of them do not have a polar group (hydroxyl or methoxyl) in the indole portion. The presence of a ␤-carboline moiety and of hydroxyl and methoxyl groups forming polar contacts were likely the main differences observed in the inhibitory power of compounds 8 and 3 in relation to the others. In the case of alkaloid 3, none of these polar groups was found to be present in the ␤-carboline group, resulting in a group with more hydrophobic (or less polar) content than that of the others. Additionally, with the exception of alkaloid 3, all of the compounds capable of inhibiting PbMLS and the fungus had CVs of Ͻ0.3. Alkaloid 8, which had a higher ability to inhibit PbMLS and the fungus, exhibited the lowest energy of all the alkaloids, which was similar to that found for acetyl-CoA. However, two other measures could also help distinguish this compound from the others: (i) the greatest variation in the ASA and (ii) a CV of 0. These measures indicate that it has amphipathic characteristics similar to those found in acetyl-CoA.
Although most polar interactions contribute to the stability of the compounds, we believe that the variation in the ASA is the most important to ensure the stability of the compounds. When nonpolar groups are exposed to solvent, they were rapidly driven into the cavity of PbMLS to ensure their protection from the solvent. This action was a collective result of the solvent molecules, which provided a significant gain in the entropy of the system, favoring the reduction of the free energy of binding. Such contributions were estimated by the binding energy of AutoDock Vina through a distance-dependent term, which considered only the interaction between hydrophobic atoms. This is a way to include the contributions to the free energy of solvation. Therefore, measures of the variation in the ASA determined in this study were slightly correlated with measures of the energy determined by AutoDock Vina (r ϭ 0.7). We believe that the variation in the ASA of the compounds studied here shows the importance of minimizing the exposure of nonpolar groups from compounds or of maximizing the entropy of the medium. The advantage of this type of contribution is that the lowest energy states were more rapidly accessed than those prevented kinetically by frustrated states (polar contacts).
In the particular case of alkaloid 3, which had a low CV of Ϫ0.9, we believe that the unbalance between the contributions of nonpolar and polar contacts may have been offset by H-bonds and PI with the amino acid residues of PbMLS. This ensured Ն13 contacts similar to those observed with acetyl-CoA but an unbalance in relation to the nature of the contacts. In any case, its inhibitory power was approximately 2-fold lower than that observed for alkaloid 8. Finally, the comparison of alkaloids 5 and 4 revealed that the first compound was unable to inhibit PbMLS and fungal growth. Our interpretation of this marked difference is not easily understood by the parameters shown in Fig. 3 . We understand that there is a very fine energy threshold involving the stability of alkaloids 5 and 4 in the binding pocket of PbMLS. The structural difference between these two compounds was only one methoxyl group in favor of alkaloid 5. Both compounds were able to establish contact with the nonpolar residues, such as Val455 and Phe521, which were located within the binding pocket of PbMLS. This is a region that is favorable for the formation of nonpolar contacts, which were critical for the stability of these alkaloids.
In addition, polar contacts with Glu120, Arg168, and Lys217 also occurred in both alkaloids. All of these contacts were also present in the interaction between PbMLS and acetyl-CoA. Note that these two alkaloids (4 and 5) are smaller than acetyl-CoA and the other highest-scoring alkaloids studied here. Therefore, the difference between these two alkaloids and acetyl-CoA seems to be related to the number of contacts and the nature of the contacts, which might be critical. Thus, if we consider the total number of contacts found for the two alkaloids, which were common to those found for acetyl-CoA, alkaloid 5 had 36% (4/11) of its contacts frustrated in relation to acetyl-CoA; those contacts that should be polar were formed by nonpolar contacts, and vice versa. The analysis of alkaloid 4 showed that only 14% (1/7) of the contacts differed. This is a crude attempt to understand the differences between these two compounds. However, all of these hypotheses should be checked to estimate the ligand dissociation path to calculate the smooth reaction path that links the bound and unbound states. In our next study, these estimates should be determined using umbrella sampling to calculate the mean force potential and to estimate the binding free energy of each alkaloid.
The selective toxicity index of Ն5-or 10-fold, more selective for A549 and MRC5 cell lines than for the fungus, is typically expected for new antimicrobials. The higher indexes were found to compounds 4 and 8, mainly considering MRC5, which are healthy cells. This find indicates the good features of these compounds. The inhibitory effect of alkaloids on Paracoccidioides species growth was performed with only one strain, since the compounds have been extracted from plants in small amounts. More assays with other strains should be done; however, the phytochemical methodology for isolation of the alkaloids must be repeated. This procedure comprises plant collection in the flowering season, December to February, chromatographic separation and purification, and spectroscopic analysis of the compounds (26) (27) (28) .
Our group has shown that the exposure of Paracoccidioides spp. to the natural product oenothein B results in changes in the transcriptional profile, level of cell wall polymers, and yeast cell morphology (38, 39) . We also searched for inhibitors to the isocitrate lyase from the glyoxylate cycle of Paracoccidioides species (PbICL). This study reports on the inhibitory action of argentilactone and its derivatives on Paracoccidioides lutzii Pb01 yeast cells during the differentiation from mycelium to yeast and on recombinant and native PbICL enzymes in the presence of different carbon sources. In silico analyses were also performed to corroborate the in vivo studies (20) .
Our results demonstrated that the alkaloid compounds studied inhibited an important enzyme from Paracoccidioides spp., namely, the PbMLS. In addition, they inhibited the adhesion of Pb18 and PbMLS to the ECM using different cell types and methodologies. Additionally, these alkaloids were not cytotoxic at the concentrations used in the experiments mentioned above. The MICs of compounds 3, 6, and even 8 are remarkably high. On the other hand, compound 4 has moderate activity. Taking both MIC and mammalian toxicity data into consideration, compound 4 is a good candidate for antifungal development. Although in their current form, this class of compounds has modest potency compared with that of amphotericin B or itraconazole, they may offer a basis for the development of alternatives to traditional antifungal agents. Compounds with modest potency have been considered for study (40) .
